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PURPOSE 


The  purpose  of  the  procurement  is  to  investigate  the  various  problems  en> 
countered  in  the  design  and  construction  of  thermionic  generators  capable  of 
producing  from  5  to  200  w  of  power.  These  problems  cover: 

1)  The  selection  of  suitable  materials  for  thermionic  diode  envelopes 
and  heat  ducts,  where  high  temperatures  and  corrosive  gases  are 
encountered. 

2)  The  design  of  a  fossil-fuel  burner,  capable  of  providing  the  required 
temperatures  and  heating  rates. 

3)  The  establishment  of  design  parameters  for  thermionic  generators  of 
various  power  levels  from  5  to  200  w. 

4)  The  construction  of  a  sample  generator,  rated  at  lOO  w  output,  to 
demonstrate  the  feasibility  of  the  design  approach. 


PROGRAM  OUTLINE 


TASK  A  -  THERMIONIC  CONVERTER  DEVELOPMENT 

1.  Construct  converters  for  testing,  with  or  without  protective  coating,  as 
required. 

2.  Study  the  basic  performance  characteristics  of  diodes  designed  for  use 
in  the  100 -w  Thermionic  Generator  program. 

3.  Using  the  same  equipment  as  for  Number  2,  operate  diodes  for  up  to 
1000  hr  to  determine  lifetime  characteristics  for  the  diode  itself. 

TASK  B  -  HEAT  SOURCE  DEVELOPMENT 

1.  Develop  aspirated  regenerative  burners  for  propane  and  for  gasoline. 

2.  Develop  a  fan-powered  regenerator  burner  assembly  for  gasoline  fuel. 

3.  Develop  temperature  controls  for  emitter,  collector,  cesium  reservoir, 
and  fuel  injector. 

4.  Construct  and  operate  the  100-w  thermionic  generator  prototypes, 
including  the  integration  of  combustion  chamber,  converters,  electrical 
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conversion,  and  control  equipment. 

5.  Design  converters  for  5  to  200  w  power  levels  at  6,12,  and  24  v  dc,  and 
analyze  performance  expectations. 

6.  Perform  environmental  tests  on  thermionic  generator  prototypes. 

TASK  C  -  MATERIALS  DEVELOPMENT  AND  EVALUATION 

1.  Perform  corrosion  tests  on  molybdenum  and  molybdenum  alloys  coated 
with  molybdenum  disilicide  in  air  and  in  flame  component  environments 
at  thermionic  temperatures. 

2.  Perform  corrosion  tests  on  silicon  carbide  base  refractories  and  other 
related  materials  in  oxidizing,  neutral,  and  reducing  flames  at  material 
temperatures  up  to  ITOO'C. 

3.  Determine  permeability  of  gases  through  molybdenum  or  molybdenum 
alloy  thimbles  coated  with  a  superior  anticorrosion  coating,  as  determined 
by  Number  1  above.  Identify  the  gases  diffusing  through  at  thermionic 
temperatures . 

*Solid  state  electrical-electrical  conversion  development  is  excluded. 


ABSTRACT 


TASK  -  THERMIONIC  CONVERTER  DEVELOPMENT 

Parts  for  four  flame*heated  diodes  have  been  fabricated,  amd  are  ready  for 
assembly. 

The  cesium  leak  in  the  150  w(e)  electrically-heated  diode  was  found  to  be 
chiefly  through  a  crack  in  the  alumina  of  the  seal.  The  sapphire  spacers  were 
found  to  prevent  shorting  between  emitter  and  collector,  even  though  shattered 
by  thermal  stress.  Before  the  cesium  was  depleted,  some  information  was 
obtained,  defining  the  operating  conditions  needed  for  a  triggered  diode  power 
inversion  system. 

TASK  B  -  HEAT  SOURCE  DEVELOPMENT 

Although  some  work  was  done  on  a  high  efficiency  burner  experiment,  the 
chief  effort  was  in  the  development  of  a  heater  for  the  demonstration  diode.  A 
combustion  chamber  temperature  of  1450®C  was  attained,  along  with  a  heat  flux 
of  28  w/cm^.  An  analysis  of  heat  sources,  from  the  standpoint  of  thermody¬ 
namics  and  heat  transfer,  showed  the  eventual  necessity  of  using  a  heater  em¬ 
ploying  fuel  injection  in  combination  with  a  high  efficiency  heat  exchanger. 

TASK  C  -  MATERIALS  DEVELOPMENT  AND  EVALUATION 

Testing  of  Durak-B  coating  for  molybdenum  metal  continued.  We  now 
realize  that  the  coating  fails  due  to  depletion  of  silicon,  either  by  diffusion  into 
the  molybdenum  metal  or  by  evaporation  off  the  surface.  Also,  it  appears  that 
the  silica  glass  layer  protecting  the  Durak-B  changes  to  crystobalite  around 
1300°C.  Cracks  in  the  crystobalite  do  not  heal  over  as  readily,  and  cause  the 
wire  to  fail  more  easily  at  this  point  than  at  a  much  higher  temperature  ( 1700° C) 
where  silica  glass  is  the  stable  phase. 

Tests  on  flame  corrosion  of  silicon  carbide  bodies  showed  that  KT  silicon 
carbide  was  much  better  than  any  other  type.  Nevertheless,  corrosion  became 
rapid  over  1700° C. 

Capsules  were  successfully  fabricated  by  welding,  so  that  the  gas  permea¬ 
bility  of  hot  Durak-B  coated  molybdenum  could  be  carried  out.  This  required 
the  development  of  a  new  welding  technique. 
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PUBLICATIONS,  LECTURES,  REPORTS,  AND  CONFERENCES 


W.  R.  M&rtini  has  prepared  a  paper,  entitled  "Design  Considerations  for 
Gasoline  Powered  Thermionic  Generators,"  to  be  presented  at  the  Sixteenth 
Annual  Power  Sources  Conference,  sponsored  by  the  Power  Sources  Division 
of  the  U.  S.  Army  Signal  Research  and  Development  Laboratory,  to  be  held  on 
May  22-24,  1962,  at  Atlantic  City,  New  Jersey. 

Three  papers  have  been  prepared  for  presentation  at  the  Sympositim  on 
Thermionic  Power  Conversion,  May  14-17,  1962,  at  Colorado  Springs,  Colorado. 
They  are: 

1)  "Theoretical  Calculation  of  the  Thermal  Conductivity  of  Cesium  Vapor 
at  Thermionic  Temperatures,"  by  W.  R.  Martini, 

2)  "Progress  in  the  Development  of  Flame-Heated  Thermionic  Power 
Sources,"  by  W.  R.  Martini  and  R.  L.  McKisson, 

3)  "Emitter  Corrosion  in  Thermionic  Converters,"  by  R.  L.  McKisson. 
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TECHNICAL  PROGRESS 


TASK  A  -  THERMIONIC  CONVERTER  DEVELOPMENT 


Phase  1  —  Diode  Construction 

During  this  quarter,  work  vinder  Phase  1  has  been  concerned  with,  (1)  exam¬ 
ination  of  the  150-w  electrically  heated  diode,  after  it  had  failed  and  could  not  be 
repaired,  and  (2)  construction  of  four  flame-heated  diodes,  for  the  purpose  of 
submitting  a  sample  product. 

Examination  of  the  150  w(e)  Diode 

The  cesium  leak  in  the  150-w  electrically  heated  converter^  was  found  to 
be  virtually  impossible  to  repair.  The  unit  was  therefore  disassembled  for  de¬ 
tailed  examination  of  the  critical  regions. 


As  a  first  step  in  the  disassembly  of  the  diode,  the  cesium  reservoir  was 
cut  off,  to  permit  evacuation  and  a  helium  leak-check  of  the  unit.  Leaks  were 
found  in  the  ceramic  insulator  and  in  the  nickel  braze  joint  (See  Figure  1).  The 

diode  was  then  carefully  disassembled  in  the  follow¬ 


ing  manner: 

1)  The  bottom  plug  weld  was  machined  away, 
and  the  plug  removed; 

2)  The  flange  weld  on  the  lip  of  the  ceramic - 
metal  seal  was  ground  off,  and  the  cath¬ 
ode  (with  the  ceramic -metal  seal)  was 
withdrawn  from  the  anode; 

3)  The  nickel  braze  joint  with  the  top  edges 
of  the  cathode  and  ceramic -metal  seal 
was  severed  by  a  transverse  cut  with  a 
silicon  carbide  wheel. 

The  parts  were  next  examined  for  visual 
defects.  The  first  important  discovery  was  the 
fracture  of  the  sapphire  buttons  which  prevented 
accidental  shorting  of  the  diode  at  the  unsupported 
end  of  the  cathode.  A  typical  broken  button  is 
shown  in  Figure  2a.  Matching  scars  on  the  cathode 


Figure  1.  Detail  Examination 
of  150  w(e)  Diode 
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a.  Broken  Spacer  in  Collector  Assembly 


24t4-ltt»  D 


•  Figure  2. 


2414-1119  B 

b.  Scars  on  Emitter  Assembly 
Shattered,  but  Functioning,  Sapphire  Spacer 
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are  shown  in  Figure  2b.  Further  examination  revealed  that  the  sapphire  buttons 
had  been  installed  improperly,  due  to  the  lack  of  preload  in  the  threads  of  the 
backup  plugs.  This  lack  allowed  the  initial  annular  clearance  to  decrease  during 
welding.  Then,  on  rapid  heatup  of  the  diode,  the  emitter  could  expand  out  against 
the  spacers  with  sufficient  force  to  cause  them  to  shatter. 

The  leak  in  the  ceramic -metal  seal  was  caused  by  a  longitudinal  crack, 
the  full  length  of  the  ceramic  piece.  Typical  discoloration  tracking  was  seen  in 
this  region  on  the  inside  of  the  seal  (the  crack  was  indistinguishable  in  the  out¬ 
side  glaze,  and  an  attempt  to  obtain  a  picture  of  the  crack  was  unsuccessful,  due 
to  the  hardness  of  alumina).  It  appears  that  the  seal  failed  due  to  overheating. 
More  attention  must  be  paid  to  seals  in  the  future,  especially  when  high-temper- 
ature  operation  is  required. 

The  nickel  braze  joint  was  sectioned  and  examined  microscopically  in 
the  leak  area.  Figure  3  shows  the  propagation  of  a  crack  starting  at  the  molyb¬ 
denum-nickel  interface  and  extending  to  the  outside  surface. 


GHSa 

Figure  3.  Crack  Through  Ni-Mo  Braze  in  150  w(e)  Diode 

2 

As  is  reported  in  the  literature,  nickel  brazing  of  molybdenum  leaves  a 
brittle  interface.  Thus,  thermal  stresses  on  the  top  cathode  joint  cracked  this 
braze,  because  the  thick  section  of  nickel  prevented  strain  relief.  The  crack 
then  propagated  along  grain  boundaries,  forming  a  leak  path  for  cesium. 

All  other  parts  of  the  diode  were  quite  normal  in  appearance.  Micro¬ 
scopic  examination  of  the  copper  braze  in  the  ceramic-metal  seal  revealed  no 
evidence  of  attack  by  the  cesium. 

Construction  of  Fuel-Fired  Demonstration  Diodes 

To  illustrate  present  thinking  on  the  design  of  fuel-fired  thermionic  con¬ 
verters,  four  demonstration  units  are  now  under  construction.  Basically,  the 
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unit!  are  internally-fired,  parallel-plate  configuration,  using  a  sapphire  part 
to  maintain  the  inter  electrode  spacing. 

Internal  heating  was  chosen  to  decrease  the  severe  heat  losses  experi¬ 
enced  in  the  first  flame -heated  unit,  and  the  parallel -plate  diode  geometry  was 
retained  for  simplicity.  Since  it  has  been  virtually  impossible  to  predict  exact 
temperature  behavior  in  these  converters,  a  method  was  sought  for  obtaining 
and  holding  a  fixed  emitter-collector  spacing.  A  sapphire  part  has  therefore 
been  adopted  for  this  purpose.  The  spacing  required,  some  0.006  in.,  is  to  be 
held,  even  though  the  collector  thimble  is  expected  to  lengthen  0.009  in.  more 
than  the  emitter  thimble.  Ordinarily,  this  would  cause  the  spacing  to  be  increased, 
but  the  introduction  of  a  diaphragm  closure  will  allow  air  pressure  to  hold  the 
anode  and  cathode  in  contact  with  the  spacer.  Further,  the  sapphire  spacer  has 
its  c-axis  oriented  along  the  direction  of  loading,  thus  minimizing  problems  with 
creep.  Figure  4  is  a  cutaway  drawing  of  the  assembled  unit. 

Most  of  the  parts  have  been  prepared.  After  coating  the  inside  of  the 
emitters  with  Durak-B,  assembly  of  the  diodes  will  commence. 

Phase  2  —  Diode  Performance  Characteristics 

The  150-w  diode  was  first  operated  on  December  7,  1961.  This  diode  used 

2 

a  cylindrical  emitter,  84  cm  in  area,  and  was  heated  by  a  combination  of  radia¬ 
tion  from  a  filament  and  electron  bombardment.  The  purpose  of  the  first  series 
of  tests  was  to  establish  the  critical  operating  parameters  of  the  diode  and  to 
compare  its  performance  with  that  of  the  smaller  diodes  undergoing  test  at 
Atomics  International.  To  this  end,  optimized  operating  points  and  volt-ampere 
curves  were  obtained.  These  data  are  discussed  in  detail  in  the  previous  report.^ 
The  maximum  electrical  output  power  density  was  1.72  w/cm  ,  with  an  overall 
efficiency  of  7.8%,  and  an  optimum  output  voltage  of  0.7  v,  at  am  emitter  temper¬ 
ature  of  1540*0.  At  a  1400*0  emitter  temperature,  the  power  density  was 
2 

0.9  w/cm  ;  the  overall  efficiency,  4.3%;  and  the  optimum  output  voltage,  0.45  v. 
Oorresponding  data  were  obtained  during  the  present  report  period.  However, 
because  of  the  cesium  leak  which  occurred  on  December  20,  the  tests  made  in 
January  were  restricted  to  the  1300  to  1400*0  temperature  range.  This  precau¬ 
tion  was  taken  to  prolong  the  life  of  the  heater  filament  amd  of  the  diode  itself. 

The  corrected  emitter  temperatures  for  the  January  runs  are  plotted  against 
total  operating  time  in  Figure  5.  This  record  begins  at  25.8  hr,  the  cumulative 
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Figure  5.  150  w(e)  Diode  Operating  History 

time  logged  in  December,  and  extends  to  the  data  for  January  15,  at  which  time 
the  cesium  was  exhausted.  A  total  running  time  of  34  hr  was  accumulated  a  T^'s 
above  1300®C;  and,  of  these,  10  hr  were  above  1400°C. 

Triggered  Diode 

Because  of  the  concern  about  the  loss  of  cesium,  the  goal  of  the  January 
tests  was  to  investigate  the  ignition  characteristics  of  the  150-w  diode,  in  order 
to  evaluate  its  possible  use  as  an  element  of  a  triggered  diode  system. The 
proposed  system  is  shown  on  Figure  6.  Two  cesium  vapor  converters  are  con> 
nected  to  a  center -tapped  transformer,  as  shown.  If  Converters  1  and  2  could 
be  made  to  fire  alternately,  alternating  current  would  be  generated  in  the  trans¬ 
former's  primary  winding.  This  current  could  then  be  transformed  to  any  de- 
sired  voltage  and  rectified.  In  this  scheme,  one  would  exploit  the  ability  of  a 
thermionic  diode  to  operate  in  either  the  ignited  or  the  unignited  mode.  The 
transition  between  these  would  be  triggered  by  an  electrical  pulse.  Figure  7 
shows  a  typical  volt-ampere  curve,  characteristic  of  bi-stable  operation.  Note 
that  the  current  euid  voltage  of  the  diode  can  follow  back  and  forth,  either  along 
the  extinguished  mode  curve  or  along  the  ignited  mode  curve.  However,  if  the 
ignition  point  is  reached  in  the  unignited  mode,  the  diode  then  quickly  "fires" 
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into  the  ignited  mode.  Conversely,  if  the  extenction  point  of  the  ignited  mode  is 
reached,  the  diode  will  then  operate  in  the  unignited  mode. 

The  desired  operating  sequence  begins  with  Diode  1  at  the  "on"  point  and 
Diode  2  at  the  "off  point.  When  the  pulse  generator  fires,  a  potential  is  induced 
in  the  primary  of  the  transformer,  and  Diode  2  is  driven  to  its  ignition  point. 

The  sudden  firing  of  Diode  2  drives  Diode  1  to  the  extinction  point.  Diode  1  then 
assumes  the  "off  operating  point,  and  Diode  2  the  "on"  operating  point.  The 
next  signal  from  the  pulse  generator  is  in  the  opposite  sense,  and  the  diodes  are 
returned  to  their  original  operating  points. 

In  order  that  this  scheme  be  practical,  the  diodes  must  have  good  effi¬ 
ciencies  at  the  ignited  mode  operating  point,  and  a  low  current  drain  in  the  "off 
position.  In  addition,  the  absolute  value  of  the  negative  emf  at  the  ignition  point 
must  be  greater  than  the  positive  emf  of  the  "on"  operating  point,  so  that  the 
diodes  will  not  spontaneously  fire  one  another.  The  January  tests  of  the  150-w 
diode  were  therefore  designed  to  establish  the  conditions  under  which  this  diode 
could  be  operated  as  a  triggered  diode,  and  to  attempt  to  determine  the  netpower 
output  obtainable  from  this  type  of  operation. 

The  studies  were  made,  using  a  60-cycle  transformer  in  series  with  the 
diode  load.  An  examination  of  the  volt-ampere  figures  thus  produced  shows  that, 
for  a  given  emitter  temperature  in  the  1300  to  1425* C  ramge,  a  definite  sequence 
of  volt-ampere  curve  shapes  are  generated  as  the  cesium  reservoir  temperature 
is  raised  from,  say,  30*0  below  the  optimum  T«  to  temperatures  markedly 
above  the  optimum  T^^.  Figure  8  illustrates  this,  and  shows  ten  typical  volt- 
ampere  curves  obtained  in  this  study.  The  sail-shaped  curves  marked  34-1, 
28-2,  28-5,  and  28-1  have  suitable  characteristics  for  triggered  diode  operation. 
It  is  of  interest  to  note  that  the  observed  T^^  values  range  from  5*C  below  opti¬ 
mum  to  35*C  above  optimum  for  these  curves.  Curves  28-4,  29-2,  and  29-4 
have  observed  T^^  values  of  10  to  15®C  below  the  optimum,  and  show  a  tendency 
toward  the  desired  sail- shape,  but  their  ignition  emf's  are  too  positive.  Under 
these  conditions,  each  diode  would  "fire"  the  other.  Curves  28-3,  29-1,  and 
32-1  are  typical  of  those  for  which  the  observed  T^^  is  25  to  35*C  below  the 
optimum  value.  These  conditions  are  obviously  unsuitable  for  triggered  diode 
operation.  It  thus  appears  that  one  must  operate  a  triggered  diode  at  or  above 
its  optimum  in  order  to  achieve  a  bi- stable  condition. 
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Figure  8.  150  w{e)  Diode  Volt-Ampere  Curves 


Figure  9.  Operating  Regions  for  Triggered 
Diode  Power  Inversion  System 

It  is  of  interest  to  estimate  the  net  output  of  a  pair  of  diodes  operating 
in  the  proposed  way.  One  diode  would  be  delivering  power  at  its  maximum  rate, 
the  other  would  dissipate  a  fraction  of  it,  and  the  remainder  would  be  available 
to  drive  the  transformer.  Figure  9  shows  a  number  of  suitable  operating  points, 
plotted  as  vs  T  .  A  curve  of  optimum  T_  is  also  given,  and  the  net  power 
adjacent  to  the  points.  Also  shown  are  a  number  of  unsuitable  operating  points. 
That  is,  these  points  did  not  exhibit  a  bi- stable  type  of  volt-ampere  curve  which 
could  be  used  in  a  triggered  diode  power  inversion  system. 

Note  that  the  suitable  points  so  far  observed  all  lie  below  a  T^  of  1400 ®C. 
Based  upon  present  data,  it  appears  that,  at  some  temperature  between  1400  and 
1450"  C,  sufficient  ions  are  emitted  from  the  surface  so  that  voliune  ionization 
is  not  required  for  space  charge  neutralization.  At  this  point,  the  bi-stable 
mode  of  operation  disappears. 

Also  note  that  suitable  operating  points  lie  at  cesium  reservoir  tempera¬ 
tures  a  little  below,  and  a  large  amount  above,  optimum.  Th‘e  scatter  in  the  net 
power  realizable  for  the  suitable  operating  points  is  too  great  to  conclude  any¬ 
thing  at  present. 
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Finally,  note  that  Figure  9  indicates  a  possible  additional  operating 
region,  at  a  lower  and  a  higher  than  for  the  rest  of  the  suitable  points. 
Although  only  one  volt-ampere  curve  was  recorded  from  this  region,  some  data 
were  taken  with  the  150  w(e)  diode,  in  which  the  emitter  power  was  held  constant 
and  the  cesium  reservoir  was  cooled  and  heated  ag.ain  slowly.  The  volt-ampere 
curve  was  observed  constantly  on  the  oscilloscope,  and  the  coordinates  of  the 
ignition  point  were  recorded.  , 

These  data  (See  Figure  10)  show  that  the  ignition  voltage  and  current 

4 

generally  follow  that  observed  by  Kitrilakis.  Both  during  heating  and  cooling 
of  the  cesium  reservoir,  the  ignition  voltage  changed  rapidly  at  a  of  280  to 
285® C.  Kitrilakis  observed  a  discontinuity  at  this  temperature.  In  the  temper¬ 
ature  range  over  which  the  data  were  taken,  the  on-diode  operating  point  is  0.2 
to  0.3  V.  Therefore,  a  negative  ignition  voltage,  less  than  this,  could  be  used 
in  a  triggered  diode  power  inversion  system.  Thus,  from  the  present  data, 
possible  areas  of  operation  are  shown  to  exist  at  T^^  <  260  or  250°  C,  and  also 
at  T^^  >  280  or  285®C,  for  the  temperature  range  indicated  in  Figure  10.  This 
phenomenon  bears  further  investigation. 


Figure  10.  Observations  on  Ignition  Point  as  a  Func¬ 
tion  of  Emitter  Temperature 
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Diode  Switching 

The  inducement  of  the  transition  between  mode  s  was  studied  briefly,  using 
a  capacitor  discharge  as  the  triggering  mechanism.  It  was  found  that  a  12>v 
charge  on  a  2000  mfd  capacitor  would  fire  the  diode  when  operating  at  =  13S0*C, 
s  287*C,  and  =  560*C.  In  addition,  a  12-v  charge  on  a  4000  mfd  capaci¬ 
tor  would  extinguish  the  diode,  vmder  the  same  conditions. 

TASK  B  -  HEAT  SOURCE  DEVELOPMENT 
Phase  1  —  Aspirated  Burner  Development 
No  work  was  done  on  this  phase  during  this  quarter. 

Phase  2  --  Fan- Powered  Burner  Development 

High  Efficiency  Heater  Development 

In  the  light  of  the  work  done  under  Phase  5,  it  appears  th'at  burner  heat 
exchanger  assemblies  of  inherently  high  efficiency  are  definitely  required,  in 
order  to  attain  the  highest  power-to-weight  ratios  possible  in  portable  thermionic 
power  sources.  In  pursuit  of  this  goal,  a  number  of  experiments  were  conducted, 
using  the  combustion  chamber  and  reversing  flow  regenerative  heat  exchangers 
shown  in  the  conceptual  design.^  A  cross  section  of  the  furnace  used  in  High- 
Efficiency  Heater  Experiment  No,  1  is  shown  on  Figure  11.  By  means  of  a 
system  of  solenoid  valves  and  a  cycle  timer  (not  shown),  the  combustion  air  was 
forced  alternately,  first  up  and  then  down,  through  the  stacked  screen  regenera¬ 
tors  and  the  combustion  chamber.  Propane  was  injected  into  the  combustion 
chamber  through  a  fluid-cooled  tube.  Mixing  and  burning  took  place  in  the  com¬ 
bustion  chamber.  Heat  was  transferred  to  the  silicon  carbide  tube  walls  lining 
the  combustion  chamber,  and  was  conducted  through  the  thick-walled  tube  to  the 
cooling  water  coils  at  both  the  top  and  the  bottom  of  the  furnace.  The  fraction 
of  the  potential  chemical  energy  of  the  fuel  that  was  absorbed  by  the  cooling  water 
was  taken  as  the  heating  efficiency  for  this  experiment. 

It  was  difficult  to  obtain  complete  combustion  in  this  experiment.  Evi¬ 
dently,  there  was  insufficient  time  for  the  fuel  to  mix  with  the  air  and  then  to 
burn  before  the  mixture  was  swept  into  one  of  the  regenerators  and  quenched. 

In  an  attempt  to  remedy  this  situation,  a  baffle  plate,  made  of  foam  silicon  car¬ 
bide,  was  inserted  into  the  combustion  chamber  during  Runs  Number  2  and  3. 

This  baffle  plate  also  protected  the  bottom  regenerator  from  overheating  as  a 
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result  of  flame  impingement.  In  Run  Number  4,  a  bed  of  zirconia  chips  (-6  4-8 
mesh)  was  packed  into  the  combustion  chamber.  At  the  center  of  the  bed  was  a 
palladium  chimney,  designed  so  that  the  fuel  could  be  injected  into  the  center  of 
the  bed,  no  matter  which  way  the  air  flow  was  going. 

The  results  of  High  Efficiency  Burner  Experiment  No.  1  are  given 
in  Table  I.  Notice  that  the  heating  efficiencies  (i7|^)  are  high,  even  considering 
the  rather  low  combustion  chamber  temperatures  which  were  attained.  The 
relationship  between  combustion  chamber  temperature  and  heat  flux  to  the  com¬ 
bustion  chamber  indicates  that  the  wall  thickness  of  the  silicon  carbide  combus¬ 
tion  tube  was  twice  that  required  to  attain  the  proper  combination  of  combustion 
chzunber  temperature  and  heat  flux. 

One  of  the  obvious  objections  to  the  use  of  a  reversing -flow  heat  exchanger 
in  a  diode  heater  is  the  cyclic  temperature  variation  occasioned  by  the  cyclic  air 
flow  reversals.  These  are  shown,  in  Table  I,  to  be  20  to  30“ C.  This  variation 
was  found  to  be  chiefly  a  result  of  greater  combustion  efficiency  for  downward 
air  flow  than  for  upward.  Greater  care  in  the  design,  so  that  downward  and  up¬ 
ward  air  flow  would  have  the  same  combustion  efficiency,  will  greatly  reduce 
the  already  small  temperature  variation. 

The  preparation  of  High  Efficiency  Burner  Experiment  No.  2  was 
started.  This  will  include  a  thinner  combustion  tube,  a  symmetrical  combustion 
chamber,  a  larger  fluid-cooled  fuel  injector,  and  regenerators  made  of  silicon 
carbide  foam  drilled  with  small  holes.  Construction  of  this  experiment  has  been 
deferred  until  a  simpler  burner  is  developed  for  the  demonstration  diode,  due  at 
the  end  of  GFY  1962.  Nevertheless,  as  will  be  shown  vmder  Phase  5,  develop¬ 
ment  of  a  high-efficiency  diode  heater  is  a  definite  necessity. 

Demonstration  Diode  Heater  Development 

In  view  of  the  many  unsolved  problems  in  the  development  of  a  heater  with 
high  heating  efficiency,  we  felt  that  the  present  demonstration  diode  heater  should 
have  a  simpler  (although  less  efficient)  heater,  to  ensure  having  a  workable  unit 
by  the  end  of  GFY  1962.  One  concept  of  how  the  diode  heater  and  the  diode  would 
be  integrated  is  shown  in  Figure  4.  Notice  that  the  diode  has  a  plane -parallel 
geometry,  with  the  emitter  and  collector  at  the  bottom  of  two  concentric  thimbles. 
The  combustion  chamber  is  at  the  bottom  of  the  inner  thimble.  Premixed  air 
and  fuel  enter  at  the  top  of  the  thimble  and  flow  down  through  the  annulus  between 
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re  12.  Experimental  Setup  for  Heater 
Experiment  Runs  DD-1  to  DD-3 


the  molybdenum  thimble  end  the  Insulating  baffle.  In  this  way,  the  joint  at  the 
top  of  tine  molybdenum  thimble  is  kept  as  cold  as  possible.  The  fuel  and  air  burn 
in  a  combustion  chamber  which  is  made  by  sawing  two  rows  of  grooves,  at  right 
angles  to  each  other,  in  the  top  of  a  KT  silicon  carbide  disc.  The  resultant  posts 
hold  the  flame  and  conduct  the  heat  directly  to  the  molybdenum  emitter .  The  exhaust 
gas  passes  out  through  the  center  hole.  The  insulating  baffle  between  the  exhaust 
gas  and  the  fu^-air  mixture  is  designed  so  that  the  nnixture  is  heated  up  to  its 
ignition  point,  but  not  beyond.  In  this  way,  flashback  is  not  experienced. 

Twenty-seven  runs  were  made  on  a  number  of  variations  of  the  idea  shown 
in  Figure  4.  Experimental  setups  for  each  variation  will  be  briefly  described, 
and  the  data  for  each  variation  will  be  presented.  Graphs  will  be  presented, 
comparing  the  different  performance  parameters  for  all  runs,  and  the  direction 
for  future  development  of  this  type  of  burner  will  be  indicated. 

Rune  DD-1  to  DD-3 

Figure  12  shows  the  experimental  setup  which  was  first  devised  to 

test  diode  heater  designs  for  the  demonstration  diode.  This  first  experiment 

was  designed  so  that  the  air  and  propane  fuel  could  be  brought  to  the  top  plemun 

chamber  separately,  so  that  mixing  would  take  place  as  the  gases  passed  down 

the  annulus  to  the  combustion  chamber.  However,  we  found  that  better  operation 

was  obtained  if  the  air  and  propane  were  mixed  before  flowing  into  the  plenum 

chamber.  The  combustion  chamber  is  as  shown  in  Figure  12  for  Rtins  DD-1  emd 

DD-2.  The  bottom  of  the  insulating  flow  baffle  was  serrated,  to  provide  more 

surface  for  combustion.  The  diameter  of  the  exhaust  tube  was  made  as  large  as 

practical,  to  reduce  the  pressure  drop.  In  Run  DD-3,  the  insulating  flow  baffle 

was  raised,  to  allow  a  single  row  of  silicon  carbide  chips  (-3-1/2  +4  mesh)  to 

line  the  bottom  of  the  silicon  carbide  crucible.  The  results  of  this  series  of 

runs  are  given  in  Table  U.  In  Runs  DD-1  and  DD-2,  the  heat  absorbed  by  the 

copper  heat-sink  was  measured  by  determining  the  temperature  rise  aind  flow- 

rate  of  the  cooling  water.  Cooling  water  flowed  through  the  top  cooler,  but  its 

flowrate  and  temperature  rise  were  not  measured,  in  Run  DD-3,  the  water  to 

the  copper  heat  sink  was  shut  off,  and  the  heat  absorbed  by  the  top  cooler  was 

used  to  compute  the  heating  efficiency  and  heat  flux.  All  heat  fluxes  were  based 

2 

upon  an  emitter  area  of  6.4  cm  .  In  Runs  DD-  1  and  DD-2,  a  Pt  -  Pt  13%  Rh 
thermocouple  was  used  to  determine  emitter  temperature.  In  Run  DD-3,  the 
thermocouple  failed  and  the  reported  temperature  was  measured  by  a  pyrometer, 
observing  the  crucible  through  the  exhaust  duct. 
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TABLE  m 


RESULTS  OF  RUNS  DD-4  TO  DD-8 


Run  Number 

DD-4 

DD-6 

DD-7 

DD-8 

Heat  in,  (w) 

205 

563 

920 

410 

Heat  out  to: 

Top  Cooler,  Qj 

21 

12 

12 

86 

Heating  Efficiency, 

0.10 

0.02 

0.01 

0.21 

Heat  Flux,  (w/cm2) 

3 

2 

2 

14 

Combustion  Chamber 
Temperature  {°C) 

933 

816 

1131 

1098 

Air  Supply  Pressure 
(in.  H2O) 

- 

4.5 

9.0 

3.5 

Figure  13.  Experimental  Setup  and  Temperature  Distribution  for 
Heater  Experiment  Runs  DD-4  to  DD-8 
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Runt  DO-4  to  DD-8 


fa  thli  lerioi  of  moaiuremonti,  the  exporlmontal  totup  ahown  in  Fig¬ 
ure  12  wae  repaired  and  modified,  in  order  to  give  more  information.  The  heat 
sink  was  removed,  the  KT  silicon  carbide  crucible  was  lowered  somewhat,  and 
more  thermocouples  were  added,  as  shown  in  Figure  13.  The  heat  absorbed  by 
the  top  cooler  was  then  taken  as  a  measure  of  the  heat  flux  into  the  simulated 
emitter.  Due  to  the  success  of  Run  OD-3,  a  layer  of  KT  silicon  carbide  chips 
over  the  bottom  of  the  crucible  was  used  as  the  combustion  chamber.  The  re¬ 
sults  for  Runs  DD-4  to  DO-8  are  shown  in  Table  III.  Note  that,  except  for 
Run  OD-8,  the  heating  efficiencies  and  the  heat  fluxes  are  very  low.  However, 
Run  00-8  appears  to  have  significantly  better  performance  on  all  counts.  Some 
understanding  of  why  Run  00-8  was  better  cam  be  had  by  exaunining  the  temper¬ 
ature  traverses  in  Figure  13.  fa  Runs  00-4,  6,  amd  7,  there  is  a  temperature 
gradient  along  the  silicon  carbide  crucible,  showing  that  the  bulk  of  the  heat  is 
released  at  the  bottom  of  the  crucible  amd  is  conducted  upward.  In  Run  00-8, 
the  temperature  of  the  entire  crucible  is  essentially  constamt.  This  indicates 
that  combustion  took  place  at  the  top  of  the  crucible.  Thus,  heat  is  not  being 
tramsferred  at  the  intended  location,  amd  the  results  do  not  indicate  proper 
performance. 

Runs  DO- 9  to  00-12 

The  remainder  of  the  demonstration  diode  heater  experiments 
described  in  this  report  used  the  same  experimental  setup,  with  only  minor 
changes  in  the  shape  of  the  insulating  flow  baffle  and  the  details  of  the  combus¬ 
tion  chamber.  The  second  demonstration  diode  heater  test  setup  is  shown  in 
Figure  14.  In  this  setup,  the  insulation  is  completely  sealed  off,  so  that  none 
of  the  propane -air  mixture  cam  leads  through  the  insulation.  Also,  a  heat  sink 
was  re-installed  at  the  bottom  of  the  heater,  next  to  the  combustion  chaimber. 

A  photograph  of  this  apparatus,  together  with  some  of  the  internal  parts,  is 
shown  in  Figure  15.  During  operation,  the  entire  surface  of  the  stainless  steel 
beadcer  cam  be  touched  with  the  hamd,  which  shows  that  almost  all  of  the  heat 
tramsferred  from  the  flame  is  collected  in  one  of  the  water  coolers.  The  pieces 
shown  on  the  card  at  the  bottom  of  Figure  15  are,  from  left  to  right,  the  insulat¬ 
ing  flow  baffle,  expamsion  diaphragm,  the  side  of  the  silicon  carbide  crucible, 
amd  the  bottom  of  the  crucible.  These  four  pieces  are  assembled  as  shown  in 
Figure  16.  The  insulating  flow  baffle  was  constructed  out  of  foaun  silicon  carbide. 
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becauie  this  material  ii  machinable  and  hat  good  thermal  shock  resistance. 
However,  the  material  is  quite  permeable  to  gas;  and  the  outside  of  the  flow 
baffle  was  sealed,  either  with  Astroceram  cement  or  a  wash  of  powdered  quarts. 
The  diaphragm  expansion  joint,  shown  at  the  right  of  Figure  16,  was  fo\md  to  be 
a  successful  way  of  preventing  leakage  of  the  propane  air  mixture  while  main¬ 
taining  flexibility  to  allow  for  differential  thermal  expansion. 

The  internal  arrangements  for  Runs  DD-9  to  DD-12  are  shown  in 
Figure  17.  The  thermocouples  attached  to  the  outside  of  the  silicon  carbide 
crucible  and  the  stainless  steel  tube  indicated  a  better  temperature  profile  than 
had  previously  been  possible.  The  thermocouples  attached  to  the  silicon  carbide 
are  Pt  -  Pt  13%  Rh  thermocouples,  wired  on  by  apiece  of  platinum  wire  wrap¬ 
ped  around  the  crucible.  The  thermocouples  on  the  steel  are  spot  welded  Chromel- 
Alumel.  During  Runs  DO-9,  10,  and  11,  all  thermocouples  were  working  prop¬ 
erly.  Note  that  T-1  indicated  a  temperature  considerably  higher  than  T-2,  and 
that  temperatures  T-2,  T-3,  and  T-4  form  a  reasonably  straight  line.  However, 
in  Rvui  DD-11,  T-3  and  T-4  extrapolate  to  T-1  in  temperature.  Between  Runs 
DD-11  and  OD-12,  the  thermocouples  T-1  and  T-2  acted  strangely,  and  T-2 
open-circuited.  In  Run  DD-12,  an  optical  pyrometer  was  used  to  observe  the 
temperature  at  the  top  of  the  hottest  silicon  carbide  post,  as  well  as  at  the  bot¬ 
tom  of  the  crucible.  The  bottom  of  the  silicon  carbide  crucible  was  thereafter 
taken  as  the  combustion  chamber  temperature.  It  is  interesting  to  note  that  here, 
again,  the  extrapolation  of  T-3  and  T-4  points  to  temperature  P-1.  Observed 
temperature  P-1  is  subject  to  positive  error,  due  to  shine  from  hotter  surfaces, 
and  negative  error,  due  to  emissivity  correction.  Since  the  emissivity  of  silicon 
carbide  is  close  to  one,  P-1  is  probably  higher  thw  the  true  temperature,  hi 
future  experiments,  a  black-body  hole  will  be  drilled  in  the  bottom  of  the  crucible 
to  determine  what  this  error  might  be.  However,  until  a  more  definite  measure¬ 
ment  of  error  is  obtained,  the  observed  temperature  (P-1)  is  quoted  as  the  com¬ 
bustion  chamber  temperature.  The  results  of  Runs  DD-9  to  DD-12  are  shown 
in  Table  IV.  These  runs  show  an  acceptable  heating  efficiency,  emitter  temper¬ 
ature,  and  heat  flux.  However,  the  air  supply  pressure  is  high. 

Runs  DD-13  to  DD-16 

In  order  to  reduce  the  high  air  supply  pressure  required  in  the  previ¬ 
ous  runs,  the  insulating  flow  baffle  was  modified  to  increase  the  flow  area  sub¬ 
stantially  (See  Figure  17).  In  all  other  respects,  the  experimental  setup  was 
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TABLE  IV 


RESULTS  OF  RUNS  DD-9  TO  DD-12 


Run  Number 

DD-9 

DD-10 

DD-11 

DD-12 

Heat  in,  Qp  (w) 

1 

452 

564 

923 

1230 

Heat  out  to: 

Heat  Sink, 

89 

119 

149 

198 

Top  Cooler,  i 

45 

44 

48 

48 

I  Qt 

Bottom  Cooler,' 

11  • 

4 

4 

4 

Stack  Gas,  Qg  (by  difference) 

307 

397 

722 

980 

Heating  Efficiency, 

0.20 

0.21 

0.16 

0.16 

Heat  Flux,  (w/ cm2) 

14 

19 

23 

31 

Combustion  Chamber 

903 

1041 

1229 

1325 

Temperature  (“C) 

• 

Air  Supply  Pressure  (in.  H^O) 

2.3 

2.7 

6.5 

11.9 

Figure  17.  Experimental  Setup  and  Temperature  Distribution  for 
Heater  Experiment  Runs  DD-9  to  DD-12 
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TABLE  V 

RESULTS  OF  RUNS  DD-13  TO  DD-16 


Run  Number 

DD-13 

OD-14 

DD-15 

DD-16 

Heat  in,  Q^,  (w) 

718 

1190 

1400 

1620 

Heat  out  to: 

Heat  Sink, 

89 

136 

143 

155 

Top  Cooler,  ■ 

32 

99 

76 

72 

Bottom  Cooler,  •  ^ 

1 

4 

4 

4 

Stack  Gas,  Qg  (by  difference) 

596 

951 

1177 

1389 

Heating  Efficiency, 

0.12 

0.11 

0.10 

0.10 

Heat  Flux,  (w/cm2) 

14 

21 

22 

24 

Combustion  Chamber 
Temperature  (*C) 

992 

1335 

1375 

1400 

Air  Supply  Pressure  (in.  H^O) 

1.6 

4.2 

5.1 

5.3 

TEMPERATURE  (*C) 


Figure  18.  Temperature  Distribution  for  Heater  Experiment 
Runs  DD-13  to  DD-16 
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TABLE  VI 


RESULTS  OF  RUNS  DD-17  TO  DD-20 


Run  Number 

DD-17 

DD-18 

DD-19 

DD-20 

Heat  in,  Qj,  (w) 

1045 

1480 

1710 

472 

Heat  out  to: 

Heat  Sink,  Q 

171 

172 

116 

108 

Top  Cooler,  i  ^ 

Bottom  Cooler,'  ^ 

64 

1 

62 

3 

46 

2 

42 

1 

Stack  Gas,  Qg  (by  difference) 

809 

1243 

1546 

321 

Heating  Efficiency, 

0.16 

0.12 

0.07 

0.23 

Heat  Flux,  (w/cm^) 

27 

27 

18 

17 

Combustion  Chamber 
Temperature  ("C) 

1360 

1400 

1175 

1150 

Air  Supply  Pressure  (in.  H2O) 

6.1 

9.6 

9.6 

1.8 

TEMPERATURE  CO 


Figure  19.  Temperature  Distribution  for  Heater  Experiment 
Runs  DD-17  to  DD-20 
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th«  tarn*.  The  t«mp«rature  profilas  for  those  rune  ere  shown  in  Figure  18. 

They  show  good  reproducibility.  The  results  shown  in  Table  V  indicate  that  the 
pressure  drop  was  indeed  reduced;  however,  the  heating  efficiency  was  also  re¬ 
duced.  The  reduced  heating  efficiency  was  thought  to  be  due  to  leakage  of  the 
air-fuel  mixture  through  the  flow  baffle. 

Runs  DP- 17  to  DD-2Q 

The  same  flow  baffle  was  reworked,  by  sealing  with  hydrolyzed  ethyl 
silicate  in  addition  to  the  powdered  quarts  wash.  Also,  two  1/8-in.  right  circu¬ 
lar  cylinders  of  KT  silicon  carbide  were  placed  on  top  of  the  combustion  chamber 
to  serve  as  flame  holders  during  the  warmup  time.  The  temperature  profile, 
shown  in  Figure  19,  gives  more  indication  that  thermocouple  T-1  reads  low,  and 
that  pyrometer  measurement  P-1  is  approximately  correct.  For  some  reason, 
these  temperature  profiles  appear  to  have  quite  a  different  character  than  the 
previous  ones.  The  results  of  this  series,  tablulated  in  Table  VI,  are  good, 
although  the  pressure  drop  is  somewhat  high.  Note  that  Run  DD-19  has  the  high¬ 
est  heat  input  for  the  series,  but  does  not  have  the  highest  combustion  chamber 
temperature. 

Runs  DD-21  to  DD-27 

A  new  insert  was  turned  out  of  silicon  carbide  and  sealed  with  quartz 
powder  and  hydrolyzed  ethyl  silicate.  The  insert  was  shaped  as  shown  in  Fig¬ 
ure  14,  and  no  pebbles  were  used  as  flame  holders.  The  temperature  profiles 
for  this  series,  shown  in  Figure  20,  show  a  high  degree  of  reproducibility  dur¬ 
ing  the  series.  Here  again,  temperatures  T-3  emd  T-4  extrapolate  to  P-1.  The 
unusual  shape  of  the  profile  for  Run  DD-22  indicates  that  some  pre-ignition  occur¬ 
red.  Also,  Run  DD-26  was  out  of  pattern,  having  a  lower -than-normal  P-1 
temperature.  Although  all  the  other  experiments  were  quiet.  Run  DD-26  ex¬ 
hibited  a  definite  whistle.  The  results  of  this  series  (tabulated  in  Table  VII) 
indicate  that  Run  DD-26  had  the  highest  heat  input;  and  is  another  case  like 
Run  DD-19,  where  the  flame  was  almost  blown  out  of  the  flame  holder.  This 
series  of  runs  shows  the  best  performance,  with  low  air  supply  pressures  and 
high  emitter  temperatures,  heat  fluxes,  and  heating  efficiencies.  However,  the 
foam  silicon  carbide  is  not  entirely  satisfactory  as  a  flow  baffle.  Runs  DD-27 
and  DD-23  were  intended  to  be  duplicate  runs.  They  had  the  same  heat  input 
and  the  same  air  supply  pressure  requirement.  However,  the  heating  efficiency, 
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TABLE  VE 

RESULTS  OF  RUNS  DD-21  TO  DD-27 


Run  Number 


DD-21 

DD-22 

DD-23 

DD-24 

DD-25 

DD-26 

DD-27 

Heat  in,  Qp  (w) 

492 

810 

1085 

1310 

1515 

1700 

1065 

Heat  out  to: 

Heat  Sink, 

127 

178 

180 

176 

184 

151 

151 

Top  Cooler,  i 

54 

72 

185 

204 

182 

154 

173 

Bottom  Cooler,'  I 

1 

2 

3 

2 

5 

3 

2 

Stack  Gas,  Qs 
(by  difference) 

310 

558 

717 

928 

1144 

1392 

739 

Heating  Efficiency, 

77H 

0.26 

0.24 

0.18 

0.13 

0.12 

0.09 

0.14 

2 

Heat  Flux,  (w/cm  ) 

17 

20 

28 

1 

28 

1 

28 

29 

24 

Combustion  Chamber 
Temperature  (“C) 

1080 

1260 

1400 

1 

1425 

1450 

;  1285 

i 

1300 

Air  Supply  Pressure 
(in.  H2O) 

0.5 

1.3 

2.0 

2.7 

3.3 

4.1 

1  2.1 

i 

TEMPERATURE  'C 


Figure  20.  Temperature  Distribution  for  Heater  Experiment 
Runs  DD-21  to  DD-27 
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h«at  flux,  and  emittar  tamparatura  wara  eonalderably  Icmar  in  Run  DD-27.  On 
diaaaaambly,  wa  diacovarad  that  this  datarioration  was  dua  to  savara  cracking 
in  tha  silicon  carbida  flow  baffla,  which  allowed  appr actable  short  circuiting  of 
the  fual-air  mixture. 

Compariaon  of  All  Rune 

Figures  21,  22,  23,  and  24  compare  all  demonstration  diode  heater 
data  in  different  ways.  They  show  a  general  unity  between  series.  That  is, 
general  trends  are  evident  in  several  different  series. 

Figure  21  exhibits  the  relationship  between  the  combustion  chamber 
temperature  and  the  heat  input.  Note  that,  in  general,  increased  heat  input  leads 
to  increased  combustion  chamber  temperature.  However,  it  is  definitely  shown 
that  there  is  a  point  at  which  this  combustion  chamber  will  no  longer  hold  the 
flame,  and  the  temperature  drops  as  the  heat  input  rises.  The  series  of  runs 
shown  in  Table  VII  appear  best  in  the  thermionic  temperature  region  (1300  to 
1500*0 

Figure  22  shows  the  relationship  between  heating  efficiency  and  the 
combustion  chamber  temperature.  Note  that  the  efficiency  usually  drops  with 
increased  temperature.  The  drop  is  most  rapid  as  the  maximum  temperature 
for  the  experiment  is  reached.  Note  that,  if  above -optimum  heat  inputs  are 
employed,  the  heating  efficiency  can  increase  with  combustion  chamber  temper¬ 
ature,  and  higher  combustion  chamber  temperatures  can  be  obtained  by  curtail¬ 
ing  heat  input. 

Figure  23  shows  the  relationship  of  heat  flux  to  combustion  chamber 
temperature.  It  would  seem  reasonable  that  this  relationship  would  be  set  by 
the  heat  sink  configuration.  Data  tabulated  in  Tables  IV,  V,  VI,  auid  VII  are 
taken  with  the  exact  same  heat  sink.  The  heat  sink  was  never  disassembled 
during  this  period.  However,  it  is  clear  (from  Figure  23)  that  each  of  these 
series  of  runs  falls  on  a  separate  line;  and  these  lines  differ  substantially  from 
each  other.  This  result  might  mean  that  the  combustion  is  taking  place  at  dif¬ 
ferent  areas  in  the  combustion  chamber;  areas  which  have  considerably  different 
thermal  resistances  to  the  heat  sink. 

Figure  24  indicates  the  relationship  between  the  air  supply  pressure 
and  the  combustion  chamber  temperature.  Note  that,  for  a  given  run,  the  supply 
pressure  increases  e3q)onentially  with  combustion  chamber  temperature.  Note 
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HEATING  EFFICIENCY, 


Figure  21.  Combustion  Chamber  Temperature  ^  Heat  Input 
(Runs  DD-1  to  DD-27) 


Figure  22.  Heating  Efficiency  vs  Combustion  Chamber  Temperature 

(Runs  DD-1  to  DD-27) 


Figure  23.  Heat  Flux  vs  Combustion  Chamber  Temperature 
(RunsTJl)-!  to  DD-27) 
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Figure  24.  Air  Supply  Pressure  ^  Combustion  Chamber  Temperature 

(Runs  DD-1  to  DD>27) 
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that,  in  two  cases,  the  optinnun  fuel  input  was  exceeded.  The  fact  that  the  air 
supply  pressure  did  not  increase,  while  the  combustion  chamber  temperature 
dropped,  indicates  that  the  flame  was  almost  completely  blown  out  of  the  com¬ 
bustion  chamber.  The  series  of  runs  shown  in  Table  VII  is  again  the  best,  since 
it'has  the  highest  temperature  at  the  lowest  air  supply  pressure. 

Phase  3  —  Temperature  Control 

A  capsule,  containing  a  fluid  at  its  critical  point,  is  being  considered  as  a 
tamper-proof  temperature  controller  for  the  cesium  reservoir.  To  this  end, 
some  more  calculations  have  been  made.  As  shown  in  Figure  12  of  Reference  1, 
the  Rayleigh  number,  which  is  known  to  govern  the  natural  convection  heat  trans¬ 
fer  capabilities  of  a  liquid,  goes  through  a  very  sharp  maximum  at  the  critical 
temperature.  It  seems,  at  first  thought,  that,  in  order  to  attain  this  unique 
critical  point,  one  must  fill  the  tube  with  exactly  the  right  amount  of  fluid,  so 
that  the  critical  temperature  and  critical  pressure  are  attained  at  the  same  time. 
If  too  much  liquid  were  introduced  into  the  tube,  the  liquid  might  expand  until  it 
filled  the  entire  tube  and  then,  on  expanding  further,  generate  a  very  high  pres¬ 
sure.  Also,  if  too  little  liquid  were  added  to  the  tube,  the  liquid  would  completely 
evaporate  before  the  critical  temperature  was  reached,  and  the  full  effect  of  heat 
transfer  at  the  critical  point  would  not  be  realized. 

Figure  25  shows  the  pressure-temperature  relationship  for  a  tube  filled  with 
sufficient  water,  so  that  the  weight  of  the  water  divided  by  the  volume  of  the  tube 
equals  the  critical  density  for  water.  It  also  shows  the  relationship  for  10%  and 
20%  over  the  critical  density,  as  well  as  10%  under  the  critical  density.  Note 
that,  up  to  within  one  degree  Fahrenheit  of  the  critical  temperature,  no  difference 
is  possible  among  the  different  fillings.  For  fillings  greater  than  the  critical 
density,  the  pressure  increases  at  a  greater  rate,  after  the  tube  is  entirely  filled 
with  liquid.  However,  the  effect  is  quite  small,  for  reasonable  variations  from 
the  critical  density.  This  figure  was  computed  from  the  readily  available  data 

5 

on  the  thermodynamic  properties  of  steam.  Data  in  the  neighborhood  of  the 
critical  point  are  somewhat  sketchy.  Therefore,  the  expanded  scale  drawing  of 
what  happens  at  the  critical  point  is  only  qualitatively  correct. 

One  experiment  was  attempted  on  critical  temperature  control  during  this 
quarter.  The  water -filled  tube  used  in  the  experiments  reported  previously  was 
reassembled,  with  the  1/4-in.  copper  bar  supplying  heat  only  to  the  end  of  the 
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Figure  25.  Pres  sure -Temperature  Relationships  for  Water-Filled 
Constant  Temperature  Tubes  I 

tube,  instead  of  to  the  bottom  inch  of  the  tube,  as  had  previously  been  the  case. 

No  temperature  control  region  was  observed  in  this  experiment,  and  indications 

were  that  natural  convection  was  unstable.  Evidentally,  the  large  heat  transfer 

surface  and  the  higher  temperature  at  one  side  of  the  bottom  of  the  tube,  in  the 

previous  experiment,  tended  to  stabilize  natural  convection  along  the  tube. 

Another  tube  has  been  filled  with  Freon- 112  and  low-pressure  argon  gas. 

The  top  and  bottom  portions  of  the  Freon-filled  tube  have  been  attached  to  copper 
bars,  using  the  previously  successful  lap  joint.  Thermocouples  will  now  be 
attached,  and  a  one -dimensional  heat  transfer  experiment  will  be  attempted. 

That  is,  a  guard  heater  will  be  placed  around  the  experiment,  so  that  all  heat 
entering  the  bottom  copper  bar  will  pass  through  the  filled  tube  and  the  top  copper 
bar  to  the  heat  sink. 

Phase  4  —  System  Construction  and  Operation 

Diode  construction  was  performed  and  reported  under  Task  A.  The  diode 
heater  material  is  on  hand,  and  the  heater  will  be  fabricated  as  soon  as  the 
heater  design  is  completely  frozen.  Present  plans  are  to  construct  four  flame - 
heated  diodes.  We  also  plan  to  construct  a  portable  test  stand.  Low-pressure 
compressed  air  and  propane  must  be  furnished  to  the  stand,  and  the  electric 
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TABLE  Vm 


power  output  will  be  indicated  by  an  electric  light  and  meters  to  show  voltage 
and  current  output.  One  or  more  workable  diodes  will  be  supplied  with  the  test 
stand,  as  a  sample  product. 

Phase  5  —  System  Design  and  Analysis 

During  the  last  report  period,  an  analysis  of  the  limits  and  the  possibilities 
of  different  methods  of  diode  heating  was  made.  The  limits  are  dictated  by  ther¬ 
modynamic  analysis,  and  the  possibilities  are  dictated  by  heat  transfer  across 
the  heat  exchanger  and  through  the  insulation. 

Thermodynamic  Relationships 

When  a  fuel  is  burned  with  air,  both  of  which  are  initially  at  ambient 
temperature,  the  flame  has  a  well-defined  maximum  temperature.  Table  VUI 
gives  the  experimentally  determined  temperatures  for  the  stoichiometric  com¬ 
bustion  of  methane,  propane,  and  gasoline;  and  shows  that  the  adiabatic  flame 
temperatures  are  all  about  1900“C,  for  these  common  fuels.  In  the  limiting 
case  of  perfect  heat  transfer  from  the  flame  to  the  emitter,  the  maximum  heat 
available  is  that  obtained  in  cooling  the  gases  from  the  flame  temperature  to  the 
emitter  temperature.  In  practice,  however,  only  a  rather  low  heat  transfer 
coefficient  can  be  realized  for  transferring  heat  from  the  flame  to  the  emitter. 
Consequently,  a  large  temperature  difference  must  be  maint2mied,  in  order  to 
develop  the  required  heat  flux.  This  effect  makes  the  heating  efficiency, 
materially  less  than  the  theoretical  maximum  shown  in  Figure  26.  The  heating 
efficiency,  is  defined  as  the  ratio  of  the  heat  treuisferred  to  the  emitter,  Q^, 

to  the  potential  chemical  energy  of  the  fuel,  Qp*,  and  is  given  (for  this  ideal, 
limiting  case)  along  the  ordinate  of  Figure  26.  Note  that,  for  an  emitter  temper¬ 
ature  of  1500*C,  the  maximum  varies  over  the  narrow  range  of  0.25  to  0.28, 
depending  upon  the  fuel  used. 

As  shown  in  Figure  26,  can  be  increased  by  introducing  a  heat  ex¬ 
changer  between  the  exhaust  gases  and  the  incoming  combustion  air  and  fuel. 

This  has  the  effect  of  increasing  the  flame  temperature  and  the  heat  available 
to  the  emitter.  Theoretically,  can  approach  unity  as  the  heat  exchanger 
efficiency,  approaches  unity  (the  heat  exchanger  efficiency  is  defined  as  the 

ratio  of  the  heat  absorbed  by  the  incoming  air  and  fuel,  Qp,  to  the  heat  available 
in  the  gases  leaving  the  combustion  zone,  Qj^).  A  heat  exchanger  is  thus  seen  to 
be  an  essential  component  of  an  efficient  flame -heated  thermionic  diode  system. 
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Heat  Exchanger  Operation,  Premixed  Air  and  Fuel 

It  is  of  interest  to  examine  ways  of  operating  the  heat  exchanger.  The 
first  of  these  involves  the  premixing  of  the  fuel  and  air,  and  the  subsequent  heat* 
ing  of  this  mixture  by  the  Qp  heat.  Under  these  conditions,  the  mixture  can  be 
heated  only  to  the  ignition  temperature  (Table  VIII),  in  order  to  avoid  premature 
combustion  in  the  heat  exchanger.  If  premature  combustion  is  allowed  to  occur, 
the  direction  of  the  heat  flow  in  part  of  the  heat  exchanger  reverses,  and  an  in¬ 
creasing  fraction  of  the  combustion  heat  is  lost  to  the  exhaust  gases.  Once 
started,  combustion  in  the  heat  exchanger  tends  to  be  self-perpetuating,  and  can 
lead  to  dangerously  high  temperatures  in  the  exchanger.  Of  the  common  gaseous 
fuels,  methane  has  the  highest  ignition  point,  632 “C.  When  this  air -fuel  mixture 
is  preheated  to  632°C,  and  the  emitter  temperature  is  1500°C,  methane  can  yield 
a  maximum  heating  efficiency  of  53%.  The  maximum  heating  efficiency  of  pre- 
mixed  regular  gasoline  and  air  is  38%. 

The  ignition  temperatures  given  in  Table  VIII  are  the  temperatures  at 
which  a  mixture  of  fuel  and  air  burns,  if  held  at  that  temperature  for  some  time. 
If  preheating  is  done  rapidly,  preheat  temperatures  that  are  higher  than  the  igni¬ 
tion  temperature  might  be  successfully  employed. 

The  maximum  heating  efficiencies,  mentioned  previously,  are  based 
upon  a  fixed  emitter  temperature  of  1500°C.  However,  if  the  emitter  tempera--^ 
ture  can  be  lowered,  the  heating  efficiency  increases.  Figure  27  shows  the  max¬ 
imum  heating  efficiency  for  gasoline  fuels,  as  a  function  of  heat  exchanger  effi¬ 
ciency  and  emitter  temperature.  The  two  curved  lines  represent  a  conservative 
estimate  of  the  pre-ignition  temperature  limitations  for  regular  and  100-octane 
gasoline,  and  show  the  maximum  heat  exchanger  efficiencies  known  to  be  possible 
for  premixed  fuel  at  each  of  the  emitter  temperatures  shown.  Note  that,  as  the 
emitter  temperature  (T^)  decreases,  the  increases,  and  that  the  known  safe 
value  of  for  premixed  air  and  fuel  also  increases  slightly. 

Heat  Exchanger  Operation,  Fuel  Injection 

It  is  clear,  from  the  preceding  discussion,  that  the  overall  efficiency 
for  flame-heated  power  sources,  using  premixed  fuel  and  air,  is  limited.  To 
obtain  the  ultimate  7}^,  fuel  and  air  must  be  preheated  separately.  The  fuel  can 
only  be  preheated  to  the  temperature  at  which  it  begins  to  form  a  deposit  in  the 
fuel  line.  This  maximum  temperature  depends  upon  the  fuel  composition  (with 
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Figure  27.  Maximum  Heating  Efficiency  for  Gasoline. 

I 

particular  attention  to  trace  amounts  of  gums  and  additives),  the  wall  tempera¬ 
ture  of  the  fuel  tube,  the  allowable  time  between  replacements  of  the  fuel  tube, 
and  the  possibility  of  burning  the  deposits  out  by  running  air  or  hot  exhaust  gas 
through  the  fuel  tube.  The  fuel  temperature  at  which  deposits  begin  to  occur  is 
known,  with  certainty,  only  for  regular  gasoline  (See  Table  VIII).  In  any  case, 
the  fuel  cannot  be  heated  as  hot  as  one  would  like  to  heat  the  air.  The  two  streams 
must  therefore  be  separated,  during  passage  through  the  heat  exchanger;  2md,  in 
general,  it  will  be  necessary  to  lead  the  fuel  into  the  combustion  zone  through  a 
cooled  fuel  injector.  However,  the  fuel  then  has  only  a  short  time  to  mix  and 
burn,  making  complete  combustion  more  difficult. 

The  ultimate  heat  exchanger  efficiency  is  attained  if  the  10%  excess 
combustion  air  is  preheated  to  emitter  temperature  by  the  exhaust  gases  which 
are  initially  at  emitter  temperature,  and  if  the  fuel  is  preheated  to  the  deposition 
temperature  (See  Table  VIII).  Using  this  definition,  the  maximum  17^,  for  a  T^ 
of  ISOO^C,  is  given  in  Table  IX  and  is  plotted  in  Figure  26. 

It  is  interesting  to  note  that  the  maximum  77^  for  fuel  injection  is  only 
mildly  affected  by  T^  when  regular  gasoline  fuel  is  used  (See  Figure  27).  How 
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Figure  28.  Emission- Limited 
Efficiencies  for  the  Cesium 
Thermionic  Converter 
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Figure  29.  Maximum  Overall 
Efficiencies  for  Flame -Heated 
Thermionic  Converter  Systems 
(Gasoline  Fueled) 
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TABLE  IX 


MAXIMUM  HEAT  EXCHANGER 
EFFICIENCY  WITH  CONTINUOUS 
FUEL  INJECTION 
(T^  =  1500*0 


Fuel 

Maximum 

Vx 

Methane 

0.85 

Propane 

0.87 

Regular 

Gasoline 

0.70 

close  one  can  approach  the  maximum  heat  exchanger  efficiency,  shown  in  Table  IX, 
depends  upon  the  number  of  transfer  units  that  can  be  built  into  a  heat  exchanger 
without  exceeding  a  reasonable  air  supply  pressure. 

Theoretical  Overall  Efficiency 

The  heating  efficiencies  can  now  be  combined  with  the  corresponding 
values  of  the  theoretical  diode  efficiency,  17  j^,  to  show  the  potential  overal  effi¬ 
ciencies,  17q,  of  a  flame-heated  thermionic  converter  system.  Figure  28  shows 
the  for  a  molybdenum  emitter,  as  reported  by  Rasor  and  Weeks.  Figure  29 

shows  the  maximum  overall  efficiencies  for  gasoline -heated  thermionic  converter 
systems  as  a  function  of  emitter  temperature  emd  heat  exchanger  efficiency. 

For  perfect  heat  economy  (i.  e. ,  Vq  ~  Vq  seen  to  increase 

with  increasing  T^.  For  lower  values  of  rf^,  the  maximum  overall  efficiency 
{tJq)  may  correspond  to  lower  emitter  temperatures.  Figure  29  indicates  that 
the  most  efficient  for  17^^  <  0.05  would  be  1400"C.  The  T^  =  1500*0  system 
is  seen  to  be  the  most  efficient  in  the  0.05  <  77^  <  0.3  range,  auid  coincides  with 
the  known  preheat  limitations  for  both  gasolines.  Figure  29  also  shows  that,  for 
systems  using  premixed  gasoline  and  air,  there  is  little  penalty  in  operating 
at  Tg  =  1400* C,  rather  than  at  the  slightly  more  efficient  1500*0.  The  lower 
temperature  would  be  much  more  favorable,  from  the  emitter  corrosion  stand¬ 
point.  Notice  that,  for  a  premixed  gasoline-air  diode  heater,  the  limit  on  over¬ 
all  efficiency  (i7q)  is  11%. 
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For  gasoline  fuel  injection,  however,  there  is  no  optimum  temperature, 
from  a  theoretical  standpoint  (See  Figure  29).  Note  that,  at  T  =  1700*C,  the 
maximum  tjq  =  21%. 

It  should  be  emphasized  that  Figure  29  is  computed,  using  limiting 
values  for  both  heat  transfer  and  diode  efficiency,  and  therefore  operating  flame- 
heated  diodes  would  have  a  considerably  smaller  efficiency. 

Heat  Exchange  Limitations 

Once  the  heat  leak  is  reduced  to  a  minimum  by  proper  design,  which 
means  placing  the  diode  heater  inside  the  diode,  the  next  concern  is  to  design  an 
efficient  heat  exchanger.  The  design  of  the  heat  exchanger  is  governed  by  the 
available  air  supply  pressure.  The  higher  the  available  air  supply  pressure, 
the  more  compact  the  heat  exchanger  can  become,  for  the  same  duty.  In  the 
previous  section,  consideration  of  thermodynamic  principles  revealed  the  limita¬ 
tions  on  heating  efficiency  for  the  case  when;  (1)  the  air-fuel  mixtures  were  pre¬ 
heated,  and  (2)  when  the  air  was  preheated  and  the  fuel  was  injected  at  the  max¬ 
imum  allowable  temperature.  These  limitations  are  based  upon  a  hypothetical 
heat  exchanger,  in  which  heat  is  transferred  by  an  infinitesimally  small  driving 
force,  ATjj.  Now  we  will  consider  how  close  to  the  limit  it  is  worthwhile  to 
operate.  The  results  of  analysis  for  the  case  of  regular  gasoline  and  no  insula¬ 
tion  loss  is  presented  in  Figure  30.  This  figure  shows  the  number  of  transfer 
units  that  are  needed  in  the  heat  exchanger  to  obtain  a  given  heat  exchanger  effi¬ 
ciency.  A  transfer  unit  is  defined  by  the  equation: 

• 


where 


Nrp  =  number  of  transfer  units 

2 

U  =  heat  transfer  coefficient  (w/cm  -°C) 

2 

=  heat  transfer  area  (cm  ) 
w  =  flowrate  (g/sec) 

Cp  =  heat  capacity  at  constant  pressure  (joules/g-°C) 


Since  N.^,^  is  dimensionless,  any  self-consistent  set  of  units  can  be  used.  The 
is  not  an  extensive  property  of  the  heat  exchanger,  as  is  the  heat  transfer 
area  or  the  size;  but,  for  a  given  service,  it  is  a  convenient  performance  indica¬ 
tor,  by  which  alternate  heat  exchanger  designs  can  be  compared.  For  example. 
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Figure  30.  Design  Chart  for  Regular  Gasoline  Fueled 
Diode  Heaters  (Q^  =  0) 


the  heat  exchanger  shown  in  Figure  14  is  estimated  to  have  an  of  0,1  when  it 
is  employed  with  a  heat  input  of  1300  w.  Assume  also,  for  purposes  of  this  esti¬ 
mate,  that  the  gas  temperature  leaving  the  combustion  chamber  is  100**  hotter 
than  the  emitter,  and  that  the  emitter  is  at  1400° C.  Using  Figure  30,  as  shown 
by  line  A,  the  predicted  heating  efficiency  for  this  case  is  35%,  based  upon  no 
insulation  loss  whatsoever.  This  percentage  should  be  compared  with  Run  DD-23, 
which  had  18%  heating  efficiency  at  1400° C  emitter  temperature.  This  analysis 
shows  that  our  diode  heaters  have  attained  about  half  the  practically  possible 
heating  efficiency  for  the  heat  exchanger  now  being  employed. 


For  the  more  advanced  case,  when  fuel  injection  is  employed,  it  still 
appears  that  a  heat  exchanger  having  an  of  2  is  as  large  as  is  practical. 

For  a  Tg  of  1500°C  and  a  Tp^  of  1600°C,  an  of  0.66  is  obtained.  If  the  length 
of  the  heat  exchanger  is  doubled,  N,p^  becomes  4  and  becomes  0.73.  For  a 
Tr  =  1600°C,  as  N,j.^~*oo,  7]j^“*0.77.  All  these  heating  efficiencies  are  predi¬ 
cated  upon  negligible  heat  losses  through  the  insulation. 
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Figure  31.  Protection  Life  of  MoSi2  Coatings, 
Exposure  in  Air 
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TASK  C  -  MATERIALS  DEVELOPMENT  AND  EVALUATION 


Phase  1  --  Protection  of  Molybdenum 

Summary  of  Durak-B  Data 

The  studies  of  the  Durak-B  protection  coating  on  molybdenum  have  con- 

1  7 

tinued,  as  outlined  in  the  earlier  quarterly  reports.  ’  Since  a  number  of  tests 
of  both  1.5-mil  and  2.5-mil  coatings  have  now  been  concluded,  enough  information 
has  been  accumulated  to  show  that  the  Durak-B  coating  is  superior  to  the  other 
MoSi2  coatings  reported  in  the  literature.  This  is  illustrated  by  comparing  the 
data  shown  on  Figure  31  with  those  shown  in  Figures  32  and  33.  Figure  31  is  a 
summary  of  the  published  data  on  the  protection  lives  afforded  molybdenum  by 
various  MoSi^  coatings.  Because  of  the  scarcity  of  the  data  and  the  lack  of  a 
definitive  characterization  of  many  of  the  coatings,  the  individual  points  are 
plotted  without  differentiation.  In  general,  the  coatings  ranged  from  1  to  3  mils 
in  thickness,  but  the  nominal  coating  thickness  is  a  less  important  factor  than  is 
the  uniformity  of  the  coating  and  the  absence  of  imperfections.  The  data  shown 
in  Figure  31  follow  a  reaction-rate  trend  (i.e. ,  there  is  a  suggestion  that  a 
straight  line  "fits"  the  data,  when  plotted  as  reciprocal  hours  to  failure  vs  °K~  ^). 
This  curve  suggests  the  service  life  should  be  about  100  hr  at  2000°K,  cuid  about 
500  hr  at  1600*K. 

The  experimental  data  obtained  during  the  report  period  are  shown  in 
Table  X.  Figure  32  summarizes  all  of  the  protection-life  data  obtained  for  air 
exposures  of  the  Durak-B  coating.  The  data  shown  with  a  line  joining  one  of  the 
legend  symbols  and  an  X  represent  runs  in  which  the  center  portion  of  the  wire 
sample  was  held  at  the  test  temperature,  but  the  failure  occurred  at  a  lower 
temperature  point.  The  X's  locate  the  estimated  temperatures  of  the  failure 
points,  and  have  a  ±50° C  uncertainty.  The  diagonal  line  shows  the  average  of 
the  published  values  of  the  protection  lives  of  MoSi^  coatings  from  Figure  31. 

The  1.5-mil  Durak-B  data  are  seen  to  fall  above  the  line,  indicating  poorer  pro¬ 
tection.  However,  all  but  one  of  these  samples  failed  at  a  temperature  below 
the  platnned  test  temperature.  The  2.5-mil  Durak-B  data,  on  the  other  hand, 
show  better  protection  lives  than  the  "average"  curve.  Since  the  thinner  Durak-B 
coating  is  obviously  poorer,  our  future  work  will  involve  only  the  2.5-mil,  and 
some  4-mil,  coated  samples  now  being  prepared. 
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Figure  32.  Protection  Life  of  Durak-B  Coatings, 

Exposure  in  Air 
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Figure  33.  Protection  Life  of  Durak-B  Coatings  in 
Flame  Components 
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Supplemental  Protection  With  a  Glaze 

Although  the  reason  for  the  low-temperature  (1300  to  1400*  C)  failure  is 

not  known,  it  has  been  postulated  that  the  silica-cristobalite  transition  may  be 
17  12 

the  cause.  *  ’  This  transition  converts  the  glassy  silica  phase  to  the  crystal¬ 
line  cristobalite,  which  might  well  be  a  poorer  protection  agent.  A  suggested 
technique  for  inhibiting  the  transition  is  to  coat  the  Durak-B  coating  with  a  thin 
low-melting  glass,  with  the  expectation  that  the  SiO^  produced  by  the  oxidation 
of  the  MoSi2  will  combine  with  the  glass.  The  mixture  would  also  be  low-melting; 
and,  if  a  proper  combination  were  found,  the  final  glassy  phase  would  operate 
near  its  melting  point.  Hopefully,  the  tendency  for  cristobalite  to  crystallize 
out  would  be  materially  reduced.  The  first  glass  chosen  for  this  study  is  a  soda- 
lime  glass,  made  from  chemically  pure  components  and  fused  at  1350*C.  The 
initial  composition  is  1 1.0  mol  %  Na^O,  10.5  mol  %  CaO,  and  78.5  mol  %  SiO^; 
and  its  melting  point  is  1300*C.  This  glass  has  been  used  to  cover  both  1.5-mil 
and  2.5-mil  Durak-B  coated  molybdenum  wires.  It  was  found  that  completely 
covered  samples  were  superior  to  the  partially  covered  samples.  The  coating 
appears  to  be  solving  the  problem  of  low-temperature  failures,  but  uniformly 
long  protection  lives  have  not  yet  been  observed.  Additional  tests  are  planned. 

Protection  From  Flame  Components 

In  addition  to  these  studies  of  supplemental  glass  protection,  a  series  of 
tests  of  the  Durak-B  coating  in  flame  components  has  begun.  Since  even  grossly 
oxidizing  flames  have  localized  regions  which  have  reducing  species;  and  since 

the  SiO,  glass,  which  is  the  protection  agent  formed  in  the  oxidation  of  theMoSi, 

*  12  ^ 
(Durak-B)  coatings,  is  known  to  be  susceptible  to  chemical  reduction;  one 

expects  the  service  life  of  these  coatings  to  be  shorter  in  flames  them  in  air. 

Figure  33  shows  the  results  obtained.  As  expected,  the  service  lives  are  lower 

than  those  shown  for  air  exposures  on  Figure  31.  Although  there  seems  to  be  a 

less  clear-cut  separation  between  the  1.5 -mil  and  2. 5 -mil  sample  data,  there 

are  too  few  samples,  at  present,  to  warrant  a  firm  conclusion. 

Metallographic  Examination 

In  addition  to  these  observations  on  the  behavior  of  the  glassy  protection 
layer,  microscopic  examinations  of  the  protective  layer  in  exposed  samples  lead 
to  some  tentative  conclusions  about  the  migration  of  the  silicon.  When  the 
Durak-B  coating  is  applied,  the  silicon  reacts  with  the  surface  molybdenum  and 
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A»>Prepure<i  A-2  Coating, 
Microprobe  Analysis,  Waclitellr 


W«2  Coating  Exposed  10  hr  in 
Air  at  1750*K,  Microprobe 
Analysis,  Wachtell^ 


W-2  Coating  Exposed  22  hr  in 
Air  at  1750*K,  Microprobe 
Analysis,  Wachtell^ 


As>Received  1-1/2  mil 
Durak-B  Coating 


1-1/2  mil  Durak-B  Coating 
Exposed  50  hr  in  Air  at 
185(y»K 


As-Received  2-1/2  mil 
Ourak-B  Coating 


2-1/2  mil  Durak-B  Coating 
Exposed  155  hr  in  Air  at 
1850»K 

2-1/2  mil  Durak-B  Coating 
E]q>o8ed  420  hr  in  Air  at 
2115«K 
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Figure  34.  Summary  of  MoSi^  Coating  Behavior 
After  Air  Exposures 
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forms  the  disilicide.  As  the  specimens  are  heated,  the  silicon  tends  to  diffuse 

inward.  After  a  few  hours  at  1570*C,  a  new  phase  appears  beneath  the  MoSi,. 

8  ^ 

This  is  also  noted  by  Wachtell,  who  used  an  electron  microprobe  technique  for 

analysis.  A  summary  of  his  data  is  shown  in  Figure  34,  together  with  a  summary 
based  upon  microscopic  examinations  of  our  exposed  Durak-B  samples.  This 
second  phase  appears  as  coltimnar  crystals,  using  our  present  etching  technique 
(Cone.  HNO^  etch  for  3  to  5  sec,  followed  by  a  1:1  HCl  rinse,  and  then  by  a  dis¬ 
tilled  water  rinse).  The  composition  of  this  phase  is  presumably  the  compound 
MOgSij.  Upon  further  heating,  a  third  intermetallic  phase  appears  between  the 
MOgSi^  and  the  base  Mo.  This  is  tentatively  assigned  the  composition  Mo^Si. 

No  additional  phases  appear.  Figure  34  shows  this  sequence  in  schematic  form. 

At  ISSO^K  (1570®C),  the  "MogSij"  phase  begins  to  form  during  the  first  10  hr  of 
exposure;  and  the  "Mo^Si"  phase  appears  after,  say,  30  hr.  After  155  hr  at 
ISSCK,  even  a  2-1/2-mil  MoSi^  coating  has  virtually  disappeared,  amd  the 
"MOjSi^"  and  the  "Mo^Si"  layers  are  both  prominent.  At  higher  temperatures, 
the  diffusion  rate  of  the  silicon  is  increased;  so  that,  after  about  200  hr  at  2115‘’K 
(1840®C),  only  the  "Mo^Si"  layer  remains.  Figure  34  shows  the  conditions  re¬ 
sulting  from  a  420-hr  exposure  at  2115‘‘K  (1840®C)  of  a  2- 1/2 -mil  Dursde-B  coated 
sample.  An  examination  of  the  hardness  profiles  of  the  samples  suggests  that 
there  is  little  tendency  for  silicon  to  diffuse  into  the  base  molybdenum  until  an 
appreciable  amout  of  "Mo^Si"  has  been  formed.  This  conclusion  is  based  upon 
the  fact  that  the  hardness  profiles  of  the  samples  showing  no  "Mo^Si",  or  only 
small  amounts  of  "Mo^Si,"  are  uniform  through  the  molybdenum  core.  In  samples 
having  a  thick  "Mo^Si"  layer,  the  hardness  profile  shows  a  decreasing  hardness, 
as  one  moves  inward  from  the  Mo-"Mo2Si"  interface.  The  difference  between 
the  interface  hardness  value  and  the  centerline  hardness  value,  and  the  thickness 
of  the  diffusion  shell,  are  functions  of  the  exposure  time.  It  therefore  appears 
that,  in  addition  to  the  external  corrosive  agents  which  tend  to  attack  the  Si02 
glass  and  remove  silicon  by  evaporation,  there  is  an  active  "internal"  mechanism 
which  removes  the  silicon  from  the  protection  medium  by  inward  diffusion.  Both 
of  these  mechanisms  contribute  to  the  gradual  loss  of  silicon  from  the  protection 

coat,  and  eventually  lead  to  failure.  Nevertheless,  the  estimated  lifetimes  at, 

12 

say,  1700®C  approach  a  thousand  hours,  even  in  flame  components. 
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Phase  2  —  Corroeion  of  Silicon  Carbide 


Because  we  are  contemplating  the  use  of  a  silicon  carbide  cup  as  an  auxiliary 

flame  barrier,  a  number  of  silicon  carbide  samples  have  been  exposed  in  our 

brick  propane-fired  furnace.  The  furnace  is  described  in  an  earlier  report 

Table  XI  summarizes  the  tests.  Examination  of  the  data  clearly  indicates  that 

the  KT  silicon  carbide  is  superior  to  the  other  varieties  tested.  The  maximum 

service  temperature  of  1700* C,  indicated  by  these  tests,  is  in  good  agreement 

13 

with  that  reported  by  T.  H.  Elmer. 

Phase  3  —  Gas  Permeation 

The  study  of  the  permeation  of  flame  components  through  a  molybdenum 
shell  has  begun.  Until  quite  recently,  we  have  been  vinable  to  prepare  adequate 
molybdenum -to -molybdenum  welds,  and  a  suitable  capsule  could  not  be  fabricated. 
During  this  report  period,  a  suitable  welding  technique  was  found  (described  in 
detail  under  Task  C,  Phase  4),  and  two'  capsules  have  been  prepared.  The  cap¬ 
sules  are  made  by  welding  1/4-in.  end-pieces  to  a  O.OlO-in.  wall,  3/4-in. 
diameter  tube.  The  upper  end-piece  has  a  1/4-in.  rod  welded  to  it.  This  rod 
is  step-drilled,  to  make  a  lead-tube  through  which  the  gases  will  be  removed 

2 

for  analysis.  The  effective  area  of  the  permeation  cell  is  O.TStt (0.839)  =  1.98 in  , 
or  12.8  cm^.  These  capsules  have  been  sent  to  the  Chromizing  Corp.  of  Haw¬ 
thorne,  California,  for  application  of  a  2-1/2-mil  Durak-B  coating.  The  cap¬ 
sules  are  scheduled  to  be  completed  in  mid-April,  It  is  planned  to  use  our  small 
pebble -bed  furnace  as  the  source  of  heat  and  of  flame  components.  One  of  the 
capsules  will  have  a  silicon  carbide  cup  as  an  auxiliary  flame  protector,  to 
simulate  the  proposed  thermionic  diode  system.  If  the  permeation  of  this  sys¬ 
tem  is  negligibly  small,  the  second  capsule  will  be  tested  without  the  cup. 

Phase  4  —  Welding  of  Molybdenum 

There  are  many  references  to  welding  molybdenum,  which  largely  agree 
on  the  following  observations: 

1)  Tungsten-inert-gas  welding  leaves  a  wide  heat-affected  zone  with 
large  grain  size 

2)  Metal  impurities  (particularly  oxygen  and  nitrogen)  seriously 
impair  the  weldability 

3)  Very  little  is  really  known  about  the  welding  process,  and  good 
joints  are  largely  a  matter  of  art 
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Figure  36.  Mo-to-Mo  Welds 
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Early  results  with  retort  welds,  in  this  laboratory,  were  disappointing. 
Cracks  formed  on  aging,  and  the  joints  were  exceedingly  brittle.  Thin  sections 
also  warped  badly.  However,  recently,  a  type  of  Mo-Mo  end  cap  weld  has  been 
developed  with  moderate  success.  Figure  35  shows  a  photomicrograph  of  such 
a  joint.  Note  that  the  heavy  arc-cast  end  cap  is  made  to  melt  and  flow  over  the 
tixin  drawn  tube.  The  fine  grain  structure  of  the  thin  tube  is  retained  for  flex¬ 
ibility.  The  end  ca^  retains  its  large  grain  size,  which  is  not  detrimental  be¬ 
cause  no  flexing  is  required. 

Figure  36  shows  the  external  appearance  of  several  such  weldments,  suc¬ 
cessively  modified  to  require  less  heat  for  welding.  This  welding  technique  was 
used  to  fabricate  the  capsules  for  the  gas  permeation  study. 


CONCLUSIONS 


1.  Sapphire  spacers  were  successfully  used  to  maintain  emitter -collector 
spacing, 

2.  Failure  of  alumina  seals  is  a  serious  problem,  and  more  attention  should 
be  paid  to  it. 

3.  A  heater  for  the  demonstration  diode,  capable  of  attaining  thermionic  tem¬ 
perature  and  heat  flux,  has  been  demonstrated. 

4.  Although  diode  heaters  using  premixed  air  and  fuel  work  well,  more  efficient 
heat  exchangers  and  fuel  injection  are  required,  if  high  overall  efficiencies 
are  to  be  attained. 

5.  Thick  Durak-B  is  still  the  best  primary  protective  coating  for  molybdenum. 


PROGRAM  FOR  NEXT  QUARTER 


TASK  A  -  DIODE  DEVELOPMENT 

The  four  demonetration  diodes  will  be  completed  and  tested.  Possible 
experiments  with  the  flame -heated  diodes  are: 

1)  Diode  characteristics,  including  optimum  operation  efficiency  vs 
emitter  temperature  curve 

2)  60  cps  volt-ampere  curves 

3)  Series -connected  diode  tests 

4)  Diode  life  testing 

TASK  B  -  HEAT  SOURCE  DEVELOPMENT 

The  present  diode  heater  will  be  perfected,  so  that  long-life  operation  can 
be  achieved.  Operation  with  gasoline  fuel  will  be  attempted.  A  portable  test 
stand  will  be  constructed,  to  demonstrate  operation  of  the  flame -heated  diodes. 
Application  of  the  demonstration  type  flame -heated  diode  to  portable  power 
soxirces  will  be  investigated. 

The  problem  of  temperature  control  of  the  components  will  be  investigated 
further. 

TASK  C  -  MATERIALS  DEVELOPMENT 

Evaluation  of  coatings  for  molybdenum  will  continue;  the  use  of  protective 
glazes  on  the  outside,  and  diffusion  barriers  within,  will  be  tried. 

An  experiment  will  be  completed  to  measure  the  permeability  of  Durak-B 
coated  molybdenum  to  gases  from  a  flame.  This  permeability  is  to  be  measured 
at  a  number  of  temperatures. 

TASK  D  -  ELECTRICAL  DEVELOPMENT 

The  triggered  diode  concept  for  power  conversion  will  be  analyzed  further; 
and,  if  warranted,  two  flame-heated  diodes  may  be  operated  in  a  triggered 
diode  circuit. 
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KEY  PERSONNEL  ASSIGNED  TO  PROJECT 


Hours  Worked  During 
Third  Quarter 


D. 

H. 

Adair 

Sr.  Mechanic 

510.1 

E. 

V. 

Clark 

Research  Engineer 

414 

R. 

G. 

Cole 

Mechanic-Engineering  Laboratory, 
Junior 

314.1 

W. 

R. 

Martini 

Project  Engineer 

500 

R. 

L. 

McKisson 

Project  Engineer  and  Supervisor 

232.5 
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NOMENaATURE 


2 

s  Area  of  heat  exchauiger  surface  (cm  ) 
s  Heat  capacity  at  constant  pressure  (joules/g-*C) 

=  Number  of  Transfer  Units  (dimensionless) 

=  Heat  content  of  air  stream  (w) 

Q  =  Heat  entering  the  emitter  (w) 

Qp  =  Heat  (potential  chemical  energy  of  combustion)  of  the  fuel  entering 
system  (w) 

=  Heat  loss  to  surroundings  (w) 

Qp  =  Heat  transferred  to  the  incoming  gas  stream  (preheat)  (w) 

=  Heat  content  of  exhaust  gas  stream  at  the  emitter  temperature  (w) 

Qg  =  Heat  content  of  stack  gas  (w) 

2 

=  Heat  flux  (w/cm  ) 

=  Collector  temperature  (*C) 

=  Cesium  reservoir  temperature  (®C) 

T  =  Emitter  temperature  (‘C) 

Tp  =  Temperature  of  gases  leaving  combustion  chamber  (®C) 

2 

U  =  Overall  heat  transfer  coefficient  (w/cm  -*C) 
w  =  Gas  flow  rate  (g/sec) 

AT^  =  Effective  temperature  difference  across  heat  exchanger  surfaces 
f  =  Thermal  emissivity 
=  Efficiency 

=  Diode  efficiency,  (max.  elec,  power) /Q^ 

=  Emitter  heating  efficiency,  Q^/Qp 
=  Overall  system  efficiency,  V 
T]^  -  Heat  exchanger  efficiency,  Qp/Qj^ 

^  -  Collector  work  function  (ev) 

=  Emitter  work  function  (ev) 
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The  Marquardt  Corporation  (1) 
16555  Saticoy  Street 
Van  Nuys,  California 
ATTN;  Mr,  Richard  Laubenstein 

Thermo  Electron  Engineering  Corp. 
85  First  Avenue 
Waltham  54,  Massachusetts 
ATTN:  Mr.  F.  J.  Lyczko  (1) 

General  Instrument  Corporation 
Thermoelectric  Division 
65  Gouverneur  Street 
Newark  4,  New  Jersey 
ATTN:  Mr,  Melvin  Barmat  (1) 

The  Babcock  St  Wilcox  Company 

Atomic  Energy  Division 

1201  Kemper  Street 

P.  O.  Box  1260 

Lynchburg,  Virginia 

ATTN:  Mr.  Paul  F.Schutt  (1) 

General  Electric  Co. 

Monmouth  District  Office 
43  West  Front  Street 
Red  Bank,  New  Jersey 
ATTN:  Mr.  Dexter  Marcum  (1) 

Westinghouse  Electric  Corp. 

43  West  Front  Street 

Red  Bank,  New  Jersey  - 

ATTN:  Mr.  C.M.  Arthur  (1) 

Ford  Instrument  Co. 

Div.  of  Sperry  Rand  Corp. 

31-10  Thomson  Avenue 
Long  Island  City  I,  N.  Y. 

ATTN;  Mr.  T.  Jarvis  (1) 
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Distribution 


Copies 

The  Bendix  Corp. 

Red  Bank  Division 

Eatontown,  N.  J.  J 

ATTN:  Mr.  Joseph  E.  Sidoti 

(1) 

General  Dynamic'Corp. 

General  Atomic  Division 

10955  John  Jay  Hopkins  Drive 
San  Diego  21,  California 

(1) 

Library 

(26) 
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